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Crystals of rac-bis(1,2-ethanediamine)(2-thiooxamato-N,0)cobalt(I11) trifluoro-
methanesulfonate  monohydrate, rac-[ Co(en),(NHC(S)COO)]CF;S05-H,0,
showed a reversible phase transition at 155(2) K. Diffraction data were collected
at two temperatures. At 110(5) K (LT) the space group is monoclinic P2,/n,
a=6.1509(13), b=14.872(2), ¢=17.421(3) A, B =93.71(2)°, V=1590.3(8) A°,
Z =4. Also at 295.5(5) K (RT) the space group is monoclinic P2,/n, a =12.558(5),
b=14.978(3), c=18.139(3) A, B = 104.44(2)°, ¥'=3304(3) A®, Z=8. The major
structural changes associated with the phase transition relate to the hydrogen
bonding patterns. The geometries of the two independent complex cations in the
RT structure and the cation of the LT structure are very similar. Two fluorine
atoms of a trifluoromethanesulfonate anion in the RT structure display static dis-
order. The maximum variations between corresponding bond lengths and angles

in the two structures amount to 0.06 A and 3°, respectively.

The coordination of an amino acid to a metal centre
changes the reactivity and may give rise to unusual
organic chemical reactions.! The reaction of robust
bis(1,2-ethanediamine)(glycinato)cobalt(11T) ion,
[Co(en),(NH,CH,COO)]**, with thionyl chloride in
N,N-dimethylformamide results in diverse modification of
the chelated glycinate and, depending on conditions, vari-
ous products are obtained. One such product, isolated as
the chloride salt, contained one mole of sulfur per mole
of cobalt. However, due to thermal instability of the com-
plex only limited spectral data were accessible.! These
and the analytical data left undecided the precise location
and oxidation level of the sulfur atom in the complex.
The complex was crystallized as the trifluoromethane-
sulfonate (trifiate) salt and the crystal structure analysis
of this study revealed the identity of the resulting com-
pound to be rac-bis(1,2-ethanediamine)(2-thiooxamato-
N,O)cobalt(III) trifluoromethanesulfonate monohydrate,
rac-[Co(en),(NHC(S)COO)]CF;S0,-H,0. Further-
more, on cooling a crystal from room temperature to
110 K this compound underwent a phase transition in the
solid state and the thermal behaviour was examined by
differential scanning calorimetry (DSC). Structure deter-
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minations at 110 K (LT) and 296 K (RT) based on data
sets collected on the same crystal specimen were per-
formed in order to clarify the overall structural changes
associated with the phase transition.

Experimental

Structure determinations. Orange crystals were obtained
as described' and their density (296 K) determined by
flotation in a mixture of 1,3-diiodopropane and diethyl-
fumarate. The same crystal specimen (dimensions
0.14x0.14x 0.34 mm and tabular faces {011}, {01 -1}
and {101}) was used for intensity data collection at both
110(5) K (LT) and 295.5(5) K (RT) on an Enraf Nonius
CAD-4 diffractometer (graphite-monochromated MoKa
radiation, A =0.71073 A) operating in the ®/20-scan
mode. Lattice parameters for the LT and the RT modi-
fications were determined from 18 (17.2<® <21.6°) and
22 (15.9<©®<20.8°) reflections, respectively. Scan speed
intervals were 1.83-16.48° min~' (LT) and 1.27-16.48°
min "' (RT) with maximum scan times of 60 s. Total in-
tensity losses of 3.19%, (LT) and 3.8%, (RT), monitored for




Table 1. Crystal and experimental data for rac-[Co(en),(NHC(S)COO)]CF,;SO, - H,O0.
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Formula
Formula weight/g - mol ™'

Temperature/K
Sp_alce group
a/A

b/A

c/A

B/°

V/A3®

V4

dcalc/g cm"
dobs g Cm— °
pw/em™' (A=0.710 73 A)
Scan width/°

Standard reflections

6 range/°

3
3

Range of indices

No. of reflections:
measured
independent
Rint
observed
I/o() criterion

No. of variables

Rb

RW

Max. shift/error [(A/o)

Max./Min. Ap/e A3

S

max]

CoC,H,gF3N;04S,
449.3

LT
105

P2,/n
6.1509(13)
14.872(2)
17.421(3)
93.71(2)
1590.3(8)
4

1.868

13.957
(1.240.35 tan 6)
(020),(105),(200)
hk+F 1-31

0<h<8
0<k<21
—-25<I<25

5712
5046
0.0022
3464

2

274
0.038
0.043
0.05
0.6/-0.7
1.23

RT

296

P2./n

12.558(5)
14.978(3)
18.139(3)
104.44(2)
3304(3)

8

1.806

1.775

13.439
0.8+0.35 tan 0)
(01-2),{020),(200)
hk+} 1-30
h—k+Fk 1-25°
O0<h<17
—-17<k<21
-25<i<24

136056
9617
0.029
4404
1

5356
0.043
0.043
0.28
0.5/-0.4
1.06

_ 2nl [Folhl] = [Felhl] |

®Range only partially convered. bR

Y nlFolhl]

every 10000 s for three standard reflections (Table 1)
were considered insignificant and no corrections were ap-
plied. Data sets were corrected for Lorentz, polarization
and absorption effects. Transmission factors, within the
ranges 0.799-0.842 (LT) and 0.816-0.850 (RT), were cal-
culated by the Gaussian numerical integration procedure.
Crystal data and further experimental details relating to
data collections and structure refinements are given in
Table 1. Computations were carried out with the SDP
package” employing atomic scattering factors, including
contributions from anomalous scatter1'ng,3 as contained
in the program. All non-hydrogen atoms were located by
Patterson and Fourier methods and refined by least
squares, minimizing Iw(|Fg| - |Fc|)* with weights
w=[c*(F)+0.00041 |F|*]~! and c*(F) calculated from
counting statistics. After the introduction of anisotropic
displacement parameters, the hydrogen atom positions
were clearly located in the LT structure and their posi-
tional parameters subsequently refined with the isotropic
thermal parameter fixed at B =2.0 A% For the RT struc-
ture not all hydrogen atoms could be localized in a dif-
ference electron density map and hydrogen atoms of the
complex cation were refined after being introduced in ide-
alized positions and were given a fixed isotropic tempera-
ture factor 1.3 times that of the nearest atom.

Table 2. Fractional coordinates and isotropic thermal param-
eters for non-hydrogen atoms of the LT structure.

Atom  x y z Bo

Co 0.24735(5) —0.12882(5) 0.14364(2) 0.966(5)
S1 0.4183(1) 0.15172(5) 0.09522(4) 1.70(1)
01 0.56289(3) —0.1080(1) 0.1072(1) 1.16(3)
02 0.7490(3) 0.0003(1) 0.0709(1) 1.51(3)
N1 0.2263(4) -0.0018(2) 0.1376(1) 1.47(4)
N2 —0.0328(3) —0.1440(2) 0.1889(1) 1.40(4)
N3 0.3708(3) —0.1219(2) 0.2499(1) 1.26(4)
N4 0.3004(3) —0.2585(2) 0.1376(1) 1.17(4)
N5 0.1143(4) —0.1394(2) 0.0392(1) 1.48(4)
C1 0.5743(4) -0.0252(2) 0.0942(2) 1.12(4)
C2 0.3920(4) 0.0408(2) 0.1110(2) 1.28(4)
Cca 0.0060(4) —0.1688(2) 0.2712(2) 1.51(5)
C5 0.1919(4) —-0.1108(2) 0.3031(2) 1.60(5)
Cé 0.2779(56) —0.2850(2) 0.0554(2) 1.61(5)

c7 0.0830(5) —0.2354(2) 0.0193(2) 1.79(5)

S2 0.6646(1) 0.08262(4) 0.32031(4) 1.15(1)
F1 0.9666(3) 0.0211(1) 0.4191(1) 2.14(3)
F2 0.6758(3) 0.0653(1) 0.4706(1) 2.25(3)
F3 0.6759(3) —0.0603(1) 0.4080(1) 2.46(4)

03 0.7468(3) 0.1728(1) 0.3333(1) 1.48(3)
04 0.7666(3) 0.0314(1) 0.2623(1) 1.68(4)
05 0.4304(3) 0.0761(1) 0.3171(1) 1.77(4)
C3 0.7502(5) 0.0241(2) 0.4094(2) 1.64(5)
06 0.5129(4) —0.2894(2) 0.3161(1) 2.30(4)
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Atomic fractional coordinates for all non-hydrogen at-
oms appear in Tables 2 and 3. The RT modification con-
tains two formula units per asymmetric unit and atoms
are denoted Alnm and A2nm corresponding to Anm in
the LT modification. Tables of anisotropic displacement
parameters, positional parameters for hydrogen atoms
and a listing of observed and calculated structure ampli-
tudes are available from the authors on request.

Phase transition. The phase transition temperature was
estimated by recording the intensities at nine different
temperatures (between 110 and 293 K) of a low-order
reflection which was present at the higher temperature

but absent at the lower temperature; the thermoelement
was not calibrated in this range and significant hysteresis
was observed.

DSC traces were recorded on a Polymer Laboratories
differential scanning calorimeter (PL DSC), calibrated
with Hg and Ga. A heating rate of 10° min~"' was ap-
plied for the temperature range 130-310 K for a sample
of 15.411 mg.

Results and discussion

Crystal structure determinations were performed at
110 K (LT) and 296 K (RT). The LT structure contains

Table 3. Fractional coordinates and isotropic thermal parameters for non-hydrogen atoms of the RT structure.

Atom x y z Beo

Co1 0.45920(4) —-0.12000(4) 0.15465(3) 2.13(1)
S11 0.36302(9) 0.16103(8) 0.11140(8) 3.76(3)
o011 0.3062(2) —0.0948(2) 0.1222(2) 2.46(6)
012 0.1856(2) 0.0156(2) 0.0940(2) 3.11(7)
N11 0.4712(3) 0.0065(2) 0.1517(2) 3.06(8)
N12 0.6164(2) —-0.1403(2) 0.1979(2) 2.83(7)
N13 0.4492(3) -0.1167(2) 0.2605(2) 2.77(7)
N14 0.4247(2) —0.2479(2) 0.1439(2) 2.51(7)
N15 0.4737(3) —-0.1279(2) 0.0502(2) 2.98(7)
C11 0.2815(3) -0.0117(3) 0.1131(2) 2.32(8)
C12 0.3802(3) 0.0513(3) 0.1275(2) 2.50(8)
Cc14 0.6363(3) —0.1645(3) 0.2790(3) 3.2(1)
C15 0.5610(3) —0.1062(3) 0.3114(3) 3.6(1)
C16 0.3954(4) -0.2707(3) 0.0621(3) 3.4(1)
C17 0.4731(4) —-0.2218(3) 0.0263(3) 3.7(1)
Co2 —-0.06743(4) —-0.13521(3) 0.11862(3) 2.06(1)
S21 -0.14651(9) 0.14819(7) 0.07224(7) 3.44(3)
021 -0.2192(2) —-0.1041(2) 0.0975(2) 2.29(6)
022 —0.3339(2) 0.0097(2) 0.0651(2) 3.28(7)
N21 —-0.0503(2) -0.0117(2) 0.1028(2) 2.61(7)
N22 —0.1064(2) -0.2611(2) 0.1253(2) 2.42(7)
N23 -0.0521(3) —-0.1146(2) 0.2267(2) 2.77(7)
N24 0.892(2) —0.1586(2) 0.1461(2) 2.94(8)
N25 —-0.0781(3) -0.1611(2) 0.0115(2) 3.02(8)
C21 —-0.2404(3) —0.0209(3) 0.0819(2) 2.45(8)
Cc22 —0.1387(3) 0.0369(3) 0.0869(2) 2.41(8)
C24 0.1282(3) -0.1651(4) 0.2298(3) 4.2(1)
C25 0.0649(4) -0.1011(4) 0.2657(3) 4.3(1)
C26 —0.1581(4) —0.2934(3) 0.0473(3) 3.4(1)
c27 —0.0924(4) —-0.2578(3) —0.0036(3) 3.6(1)
S12 0.33704(8) 0.41665(7) 0.80762(6) 2.86(2)
F11 0.2596(3) 0.4915(2) 0.9128(2) 6.17(8)
F12 0.3979(3) 0.5676(2) 0.8912(2) 6.73(9)
F13 0.4181(3) 0.4344(2) 0.9536(2) 7.1(1)
013 0.3039(2) 0.3294(2) 0.8257(2) 4.02(7)
014 0.4442(3) 0.4178(2) 0.7932(2) 4.86(8)
015 0.2572(3) 0.4676(2) 0.7555(2) 5.02(9)
c13 0.3562(4) 0.4787(3) 0.8963(3) 4.2(1)
S22 0.33700(8) 0.08612(7) 0.33894(6) 2.81(2)
F21 0.2166(2) 0.0150(2) 0.4212(2) 6.43(8)
F22 0.3612(4) —0.0569(3) 0.4191(3) 11.0(1)
F23 0.3719(3) 0.0608(4) 0.4836(2) 10.0(1)
023 0.4527(3) 0.0875(2) 0.3465(2) 4.95(9)
024 0.2918(3) 0.1709(2) 0.3489(2) 5.16(9)
025 0.2774(3) 0.0337(3) 0.2769(2) 5.31(9)
C23 0.3217(5) 0.0238(4) 0.4207(3) 4.9(1)
016 0.3994(3) —-0.2978(2) 0.3093(2) 4.65(8)
026 0.6084(3) 0.2286(3) 0.1920(2) 5.31(9)
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three separate species: the complex cation, the triflate an-
ion and a water molecule, whereas the RT structure com-
prises two crystallographically independent entities of
each species.

The complex cations. Drawings of the rac-
[Co(en),(NHC(S)COO)]* cation in the LT modification
and the two independent cations in the RT modification
are shown in Fig. 1. Interatomic distances and angles
within each of the three crystallographically different cat-
ions are listed in Table 4; atom labelling allows direct
comparisons of corresponding distances and angles.

All three cations display almost identical octahedral
geometries; the largest deviations are observed for the
‘Co2’ (RT) cation for which the Co2-N22 bond length is
1.937(3) A and the N22-C24-C25 bond angle is
109.3(4)° compared with Co—-N2 [1.954(2) A] and N2—
C4-C5 [106.6(2)°], and Col-N12 [1.958(3) A] and
N12-C14-C15 [106.3(4)°] for the ‘Co’ (LT) and ‘Col’
(RT) cations, respectively.

For complex ions with A absolute configuration the two
five-membered chelate rings of the ‘A-Co(en),” moieties
adopt the 8,0 (N2N3,N4N5) conformations in all three
cations. The magnitudes of individual bond lengths and
angles within these segments agree with those of similar
systems.*”

The O,N-bound ligand of doubly deprotonated
2-thiooxamic acid, here referred to as ‘thiooxamate’, is
essentially planar with all torsional angles less than 5°.
The C2-S1 and N1-C2 distances in the three cations are
all similar falling within the ranges 1.67-1.69 and 1.30-
1.31 A, respectively. In general, N-coordination of a car-
boxamide to a metal centre with proton loss affects the
structure of the amide segment. For peptides, such co-
ordination typically leads to an increase of the peptide
C-0 bond distance (to ca. 1.27 A from ca. 1.24 A) and
a decrease of the carboxamidate C-N bond distance (to
ca. 1.30 A from ca. 1.33 A).® Such structural changes are
ascribed to a relative shift of electron density from the N
atom towards the O atom as a consequence of the poorer
polarising ability of the metal centre compared with the
proton.” This would lead to increased double-bond char-
acter of the C~N bond. The thiocarboxamidate C-N
bond distances (1.30-1.31 A) of this study are close to
the quoted average value of 1.30 A for N-coordinated
carboxamidates.® However, no effect of coordination on
the C-S bond distance is discernable. Thus, the C2-S1
bond distances (1.67-1.69 A) are within the range of
1.64—-1.69 A observed for free, i.e. non-coordinated, thio-
carboxamides® !> and data for free thiooxamate are lack-
ing. However, the average S1-C2-N1 angle of 128(1)° is
larger (by ca. 5°) and the average N1-C2-C1 angle of
110.4(3)° correspondingly smaller than the equivalent
angles in free thiocarboxamides.®'> This may reflect
some adjustment to the bonding requirements of the
metal centre.

The average Co-N1 distance of 1.897(6) A is signifi-
cantly shorter than any of the Co-N (primary amine)

THIOOXAMATO COBALT(lll) STRUCTURES

distances in the structure but agrees with Co-N (ami-
date) distances found in other structures of coordinated
carboxamidates. '

The triflate anions. As expected, the thermal ellipsoids of
the RT structure are generally much larger than those of
the LT study. Consequently, the C—F and S-O distances
of the RT modification are significantly shortened com-
pared with the anion of the LT modification. Both tem-
peratures are significantly above the Debye temperature
of the compound. Therefore, the temperature factors are
expected to be proportional to the absolute tempera-
ture.'® Comparisons of relevant temperature factors
(Tables 2 and 3) reveal this to be borne out for all atoms
except for two fluorine atoms of the ‘S22’ (RT) anion.
This is consistent with static disorder of these two fluo-
rine atoms, also implied by the shortening of the C-F
bonds. The variations between corresponding bond
lengths of all three triflate ions were within 0.06 A.

Crystal packing. Hydrogen bonding dominates the crystal
packing at both temperatures, but the bonding pattern of
individual cations differ markedly (Table 5). Potential hy-
drogen-bond donors are the four coordinated amine
groups, the amido group of the complex cation and the
water molecule. The ‘Co’ (LT) cation hydrogen bonds
with seven of the eight amine hydrogen atoms to three
different anions, two other cations and a water molecule.
The ‘Col’ (RT) cation employs all amine protons in hy-
drogen bonding to four different anions, two other cat-
ions and a water molecule. Thus, apart from the extra
anion interaction for the ‘Col’ (RT) cation the two cat-
ions display similar patterns. By contrast, the different
hydrogen bonding pattern of the ‘Co2’ (RT) cation in-
cludes the amido group. This cation is hydrogen-bonded
to two other cations, two different anions and a water
molecule. The differences in crystal packing are evident
from the stereoscopic diagrams in Figs. 2 and 3.

Only one of the water protons of the LT structure en-
gages in hydrogen bonding and donates to S1 of a com-
plex ion. However, this water molecule links two complex
ions (related by the 2, axis) by also accepting an amine
proton from another cation. The two crystallographically
different water molecules in the RT structure each accept
an amine proton in analogy to the LT structure. However,
since the hydrogen atoms of these water molecules were
not located with certainty in the electron density map the
question arises whether the O6---S1 hydrogen bond of
the LT structure is retained in the RT structure. The ‘026’
(RT) water molecule, which accepts a proton from N23 of
the ‘Co2’ (RT) cation, gives an 026---S11 distance
[3.226(4) A] close to the O6---S1 distance [3.273(2) A]
of the LT structure. In addition, one of the peaks above
noise level in the final difference electron density map was
found in a position that corresponds to the expected po-
sition of the proton of the 026---S11 hydrogen bond. For
the other water molecule, ‘O16’ (RT), the shortest dis-
tance to S21 [3.403(4) A] is significantly longer than the
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Table 4. Bond lengths (in A), bond angles (in °), and torsion
angles (in °) for the [Co(en),(OOCCSNH)]* cations centered
on ‘Co’(LT), ‘Col'(RT) and ‘Co2'(RT), respectively, of the two
crystal structures.

‘Co’(LT) ‘Col’(RT) ‘Co2'(RT)

Co—01 1.908(2) 1.902(2) 1.905(3)
Co—-N1 1.896(2) 1.903(4) 1.892(4)
Co—N2 1.954(2) 1.958(3) 1.937(3)
Co—N3 1.958(2) 1.956(4) 1.946(4)
Co—N4 1.960(2) 1.964(3) 1.959(4)
Co—N5 1.953(2) 1.951(4) 1.952(4)
01-C1 1.286(3) 1.282(5) 1.292(5)
02—C1 1.233(3) 1.237(4) 1.226(4)
N1-C2 1.310(4) 1.304(5) 1.298(5)
N2—C4 1.485(4) 1.475(6) 1.478(6)
N3-C5 1.493(4) 1.485(5) 1.477(6)
N4—C6 1.483(4) 1.477(6) 1.484(5)
N5—-C7 1.479(4) 1.472(6) 1.477(6)
C2-S1 1.682(3) 1.674(4) 1.685(4)
C1-C2 1.5633(3) 1.528(5) 1.528(5)
C4-C5 1.510(4) 1.510(7) 1.495(8)
Cc6-C7 1.509(4) 1.492(7) 1.483(7)
01-Co—N1 83.10(9) 82.8(1) 82.9(1)
01—Co—N2 175.03(9) 174.2(2) 175.2(2)
01-Co—N3 90.07(8) 89.5(1) 90.4(1)
01-Co—N4 89.10(8) 89.0(1) 89.7(1)
01-Co—N5 92.15(9) 92.5(1) 91.8(1)
N1—Co—N2 94.5(1) 95.0(2) 94.0(2)
N1—Co—N3 91.2(1) 91.6(2) 90.7(2)
N1—-Co—N4 171.3(1) 170.5(2) 171.8(2)
N1—-Co—N5 90.3(1) 90.3(2) 91.4(2)
N2—Co—N3 85.59(9) 85.2(2) 86.0(2)
N2—-Co—N4 93.54(9) 93.7(2) 93.6(2)
N2—Co—N5 92.24(9) 92.9(2) 91.9(2)
N3—Co—N4 92.70(9) 93.2(2) 93.1(2)
N3—-Co—N5 177.45(9) 177.4(2) 177.1(2)
N4—-Co—N5 86.09(9) 85.2(2) 85.1(2)
Co—01-C1 115.2(2) 115.2(2) 114.9(2)
Co—N1-C2 116.7(2) 116.9(3) 117.4(3)
Co-N2-C4 109.1(2) 109.9(3) 109.4(3)
Co—N3-C5 109.7(2) 109.4(3) 110.0(3)
Co—N4—-Cé6 107.9(2) 108.6(3) 108.1(3)
Co—N5—-C7 109.7(2) 110.5(3) 110.8(3)
022 01-C1-02 123.8(2) 123.0(4) 123.2(4)
01-C1-C2 114.2(2) 114.7(3) 114.3(3)
02-C1-C2 122.0(2) 122.3(4) 122.5(4)
S1-C2-N1 128.1(2) 128.9(3) 127.2(3)
S1-C2—-C1 121.2(2) 120.9(3) 122.4(3)
N1-C2-C1 110.7(2) 110.2(4) 110.4(4)
N2-C4-C5 106.6(2) 106.3(4) 109.3(4)
N3-C5-C4 106.2(2) 106.4(4) 106.1(4)
N4—C6-C7 107.1(2) 107.3(4) 107.3(4)
N5—-C7—C6 106.6(2) 107.2(4) 107.3(3)
N1-Co—01-C1 —-1.4(2) 0.4(3) 1.2(3)
01—Co—N1-C2 2.5(2) —3.3(3) 0.1(3)
Co—-01-C1-C2 0.2(3) 2.1(4) -2.1(4)
Co—N1-C2-C1 —2.8(3) 4.9(5) —-1.2(4)
01-C1-C2-N1 1.7(3) —4.5(5) 2.1(5)
02-C1-C2-S1 2.2(4) —4.7(6) 2.8(6)
N3—Co—-N2—-C4 —16.5(2) 14.2(3) 10.4(3)
N2—Co—N3-C5 -12.6(2) 15.0(3) 16.3(3)
Co—N2—C4-C5 41.6(2) —-39.6(4) —35.0(4)
Co—-N3-C5-C4 38.2(2) —40.2(4) —38.6(4)
N2—-C4—-C5-N3 —-51.5(3) 51.5(4) 47.7(5)
N5—Co—N4-C6 17.0(2) -17.2(3) —-19.5(3)
Fig. 1. ORTEP drawings of the three crystallographically dif- N4—Co—N5—C7 11.7(2) -10.7(3) -7.9(3)
ferent cations centred on ‘Co’ {LT), ‘Co1’ (RT) and ‘Co2’ (RT). Co—N4—C6-C7 -41.6(2) 41.1(4) 43.0(4)
The drawing of the ‘Co’ (LT) cation corresponds to the mirror Co—N5-C7-C6 -37.2(3) 35.8(4) 33.6(4)
image of the cation defined by the coordinates in Table 2. N4-C6-C7-N5 51.5(3) —50.0(4) —49.7(5)
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Table 5. Hydrogen-bonding interactions®® in LT and RT struc-
tures of rac-[(en),Co(OOCCSNH)]O,SCF; - H,0.

LT structure: O—H---S H---S O—H---S
N—H“'O H"'O N—H"'O
‘Co’ cation /A /A /°
N2—H21---03° 3.039(3) 2.29(4) 147(3)
N2—H22:--04° 3.189(3) 2.41(3) 141(3)
N3—H31:--06 2.860(3) 1.95(3) 161(3)
N4-H41---05° 2.972(3) 2.19(3) 150(3)
N4—H42---03° 2.979(3) 2.25(4) 161(3)
N5—H51-:-02° 3.136(3) 2.35(3) 150(3)
N5—H52---02¢ 2.978(3) 2.21(3) 146(3)
06-H61---S1° 3.273(2) 2.45(4) 168(3)
RT structure:
‘Co1’ cation
N12-H121---015° 3.160(5) 2.37(5) 143(4)
N12—-H122---013f 3.069(5) 2.38(5) 142(5)
N13-H131:--016 2.968(5) 2.14(5) 161(4)
N13-H132:--025 3.184(6) 2.33(5) 170(4)
N14-H141---024° 3.011(5) 2.27(4) 146(4)
N14-H142---014f 3.090(5) 2.33(5) 159(4)
N15—H151---022¢ 3.136(5) 2.43(5) 156(5)
N15-H152---022" 2.960(5) 2.15(5) 156(4)
026---S11’ 3.226(4)
‘Co2’ cation
N21-H211:--012 3.034(4) 2.27(4) 152(4)
N22-H221---012 3.120(5) 2.32(5) 171(4)
N22-H222---024? 2.949(5) 2.20(5) 141(4)
N23-H231---026° 2.952(6) 2.04(5) 161(4)
N23-H232:--015’ 3.388(6) 2.60(5) 163(4)"
N23-H232:--014’ 3.190(5) 2.55(5) 135(4)"
N24—-H241---013 3.015(5) 2.29(5) 145(4)
N24—H242---023? 2.939(5) 2.16(5) 157(5)
N25—H252---012" 2.991(5) 2.33(5) 150(5)
016---521' 3.403(4)

B(Va=x, y=1/2, /2=2). P(x=1, y, 2). “(1'/2=x, y=/2,
2=2). “(1=x, —y, —2). °(x="2, —'2—y, z—1/2).
M=x, =y, 1=2). 2(1+x, v, 2. "(x, —y, —2). "(x=1/2,
—1/2 —y, z—11/2). {{—=x, —y, 1—2). ¥ The bond length cri-
teria for hydrogen bonding: X—H:**Y max. 3.4 A, H:**Y max.
2.4 A, *3 are not fulfilled. ' Suggested hydrogen bond inter-
action.

THIOOXAMATO COBALT(IIl) STRUCTURES

previous O---S distances and, furthermore, cannot be
classified as a hydrogen bond, since the distance is close
to the sum of the van der Waals radii of the two atoms.
Thus, in the RT structure at least one O---S hydrogen-
bond interaction is found which is analogous to the O6—
H61---S1 hydrogen bond of the LT structure.

The crystal structures and the phase transition. The LT
(110 K) and the RT (296 K) structures both belong to the
space group P2,/n, but display unit-cell dimensions which
qualitatively differ by what essentially amounts to a dou-
bling of the @-axis and some opening (by ca. 10°) of the
B angle for the RT structure compared with the LT modi-
fication. The structural changes associated with the phase
transition correspond almost exclusively to changes in the
ac-plane as evidenced by the unit cell parameters and the
atomic coordinates. The two cations of the RT structure
are almost related by pseudo-translational symmetry, but
a direct comparison of coordinates is not meaningful
since the B angles for the two modifications differ. Fig-
ure 4 represents a superimposed projection onto the ac-
plane of the unit cells of the RT and the LT structures. In
order to allow easy comparison of relative positions only
the positions of the cation cobalt and anion sulfur atoms
are included in the diagram. Evidently, the relative po-
sitions of the cations and anions are only slightly affected
by the phase transition.

In conclusion, the major structural differences between
the two phases relate to the hydrogen-bonding pattern.
Relative positions of individual molecular entities and
their geometries are only marginally affected; the largest
difference, associated with static disorder, is seen for one
of the triflate ions.

The intensities of a single reflection, monitored at
different temperatures implied a discontinuity near
130 K. The DSC trace for rac-[Co(en),(NHC(S)COO)]-
CF;SO;-H,O (temp. range 130-310 K; heating rate:
10°C min~"') revealed an endothermic transition
(AH=~3.5kJ mol~') at 155+ 2 K (on set temperature) as
the only feature. This is ascribed to the phase transition

Fig. 2. Stereo pair viewed along the a-axis illustrating the crystal packing of the structure at 110 K (LT). Hydrogen bonds are

indicated as thin lines.
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Fig. 3. Stereo pair viewed along the a-axis illustrating the crystal packing of the structure at 296 K (rT). Hydrogen bonds are

indicated as thin lines.

Fig. 4. Unit-cell projections onto the ac-planes of the RT and
the LT structures (a-axes horizontal). One unit cell projection
for the RT modification is represented by broken lines and
three unit cells of the LT modification are represented by full-
drawn lines. Cobalt atom positions are indicated by § ['Co’
(1], OQ['Co1’ (rT)] and @ [‘Co2’ (RT)], and sulfur atoms of
the triflate ions are indicated by @ ['S2’ (L7)], (O ['S12’ (rT)]
and [J ['S22’ (rT)]. With the a-axes parallel the two pro-
jections are qualitatively superpositioned so that all distances
between corresponding atoms of the two structures are mini-
mized, overall. The ac-plane diagonals (each of which indi-
cates the translational symmetry direction of the glide planes)
almost coincide.

implied by the structural results and is in accord with the
result of the intensity measurement. The positive AH
value implies a first-order phase transition.

Generally, salts of coordination complexes seldom un-
dergo solid-state phase transitions in the range 110-
298 K. Why does it occur in the present case? Related
coordination compounds which normally do not exhibit
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such phase transitions are typically characterized by com-
parable numbers of hydrogen donor atoms and likely ac-
ceptor atoms.*'*?® In this respect, the empirical hydro-
gen bond rules formulated by Donohue®' for organic
structures, and later elaborated by Etter,?> are obeyed.
The present compound, however, provides 11 hydrogen
atoms for hydrogen bonding but only 6 potential acceptor
atoms. Thus, the different hydrogen bonding patterns of
the RT and LT structures may reflect an inability of the
present compound in attaining an optimal arrangement
allowing all potential hydrogen-bond donors to be en-
gaged in hydrogen bonding. The doubling of the asym-
metric unit volume and the increased triflate ion disorder
are consistent with the higher entropy of the RT modifi-
cation implied by the endothermic nature of the phase
transition.
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